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The supercritical carbon dioxide (scCO 2 ) high pressure equipment used in this work, described in 135 detail by Sousa, Gil, Leite, Duarte, & Duarte (2006) , is comprised of a compressed CO 2 liquid 136 pump, a sealed high pressure stainless steel vessel with sapphire windows (with an internal 137 volume of ∼10 cm 3 ), a temperature-controlled bath (± 0.1 ºC), a pressure transducer and a 138 magnetic stirring plate placed under the cell (working at 300 rpm). Briefly, an experimental SSI 139 assay, at batch mode, consists in introducing liquefied CO 2 into the thermostatized high pressure 140 cell until the desired operational pressure is achieved. The cell was previously loaded with 141 squared film samples to be impregnated (6 samples of 1.2 cm × 1. (Table 1) . These working conditions were previously 149 defined in the sample films using only scCO 2 . 150
Before impregnation tests, all samples were stored at a controlled relative humidity (RH) of 75 151 %. After the pre-established impregnation time (the period in which the antimicrobial agent and 152 the films are in direct contact under pressure), the system was then depressurized and the 153 impregnated films were stored at −4 ºC to avoid cinnamaldehyde sublimation until further 154 analyses. In order to confirm their stability when subjected to different process conditions 155 (different pressures and depressurization rates), samples of BF were processed with scCO 2 156 without using antimicrobial agent. 157
A c c e p t e d M a n u s c r i p t 8 The amount of antimicrobial agent impregnated in the films processed at different tested 160 conditions was quantified, in duplicate, by UV-Vis spectroscopy (using a spectrophotometer 161 JASCO, model 530, Japan) measuring at 289 nm, corresponding to the maximum absorption 162 wavelength of cinnamaldehyde, and using a pre-determined calibration curve. Quantification was 163 carried out at room temperature (∼ 25 ºC) with the films immersed in Milli-Q water (150 mL) for 164 3 h, which was enough to guarantee that the impregnated antimicrobial agent was completely 165 released from the films. This method just intended overall quantification of the total amount of 166 CN impregnated into the cassava starch films for each experimental condition tested. Further 167 studies should that into account real conditions that may be found considering the envisaged 168 applications. 169 170
Fourier transform infrared (FTIR) spectroscopy 171
In order to verify the incorporation of cinnamaldehyde in the films, FTIR spectroscopy (Jasco, 172 model 4200, UK) was performed at 128 scans with a 4 cm −1 resolution, between (500 and 4000) 173 cm -1 , and using a Golden Gate Single Reflection Diamond ATR accessory. Samples were 174 analyzed before and after the impregnation experiments. 175 176
Scanning electron microscopy (SEM) 177
Samples were mounted on aluminium stubs, coated with a thin layer of gold (approximately 300 178 Å) and observed on Scanning Electron Microscope at an accelerate voltage of 5.00 kV (Philips, 179 model XL-30 FEG) and at an accelerate voltage of 10.00 kV (Jeol, model JSM-5310). 180 181
Water vapor permeability (WVP) 182
The water vapor transmission rate (WVTR) was measured by a gravimetric method based on the 183 A c c e p t e d M a n u s c r i p t 
Antimicrobial agent quantification 246
The amount of cinnamaldehyde (q CN ) impregnated into cassava starch films at different process 247 conditions is presented in Table 1 and is represented in terms of mass of impregnated 248 cinnamaldeyde per mass of cassava films after impregnation (g CN /g film ). The values represent the 249 total released amount for a period of 3 h after immersion of the loaded samples into water. After 250 this period, samples were immersed in fresh water to guarantee that all the impregnated CN was 251 released from the films. ANOVA was applied in order to verify the influence of the tested 252 process parameters (pressure, P, impregnation time, t i and depressurization rate, A c c e p t e d M a n u s c r i p t
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All these results indicate that the SSI of CN into cassava starch films is mainly dependent on its 273 solubility in scCO 2 which is higher at 250 bar. According to data previously reported in literature 274 (Baseri et al., 2010) , the solubility of CN increases with pressure about 40 % when the solvent 275 density increases from 840 kg·m -3 to 920 kg·m -3 (values similar those used in this work, which 276 were 815 kg·m -3 at 150 bar and 901 kg·m -3 at 250 bar, both at 35 ºC), data taken from NIST 277 (2011). In addition, at higher pressures, the scCO 2 swelling and plasticization of most polymers is 278 usually favored and this will also improve the impregnation/loading efficiency (Kazarian, 2000; 279
Kikic and Vecchione, 2003). During depressurization, the solubility of CN decreases (which may 280 favor CN-polymer affinity) and scCO 2 changes to a gas, and is vented, leaving the antimicrobial 281 agent trapped inside the matrix. Moreover, the lower q CN observed at lower depressurization rates 282 (for both pressures) is because, at this condition, part of the CN trapped into the matrix re-283 solubilize into scCO 2 and escapes with it decreasing the loading efficiency. 284
Finally, and as expected, at higher depressurization rates, the use of higher processing times 285 improved the sorption capacity of scCO 2 into the matrix and consequently the q CN . Therefore it is 286 possible to control the q CN into cassava starch films by changing the impregnation process 287 conditions. In this work and for the tested experimental conditions, it was possible to increase the 288 amount of q CN from (0.99 ± 0.23) to (2.50 ± 0.20) mg CN /g film by increasing the depressurization 289 rate. 290
The general tendency is that lower pressure and higher depressurization rates lead to lower 291 impregnated amounts while higher pressure and higher depressurization rates favour CN loading. 292
However, the results obtained in this work are already promising since it was found that the 293 
the present work were able to provide films that are active against the referred microorganisms. 300 301
Fourier transform infrared (FTIR) spectroscopy 302
The incorporation of CN into the films was also confirmed by FTIR-ATR as shown in Figure 2 . 303
The spectra of impregnated and of non-impregnated starch based films show significant 304 differences in the range (1200 − 1400) cm -1 and (1600 − 1700) cm -1 attributed to vibrations of the 305 aromatic ring and to the aldehyde group of cinnamaldehyde, confirming that the antimicrobial 306 agent was effectively impregnated into the films. As expected, scCO 2 did not induce any 307 chemical modification to the matrix and therefore the spectra of non-processed and scCO 2 308 processed cassava starch films are similar. 309 with non-processed films and the spectrum of pure cinnamaldehyde.M a n u s c r i p t 15
Scanning electron microscopy (SEM) 314
It was also observed by SEM that the process do not alter/damage the polymer structure. The 315 surface and cross-section images of non-processed and CN impregnated films are shown in 316 Figure 3 , where it is possible to observe some changes in the film surface, probably due to 317 deposition of CN that may occur during depressurization, but the inexistence of bubbles or any 318 other deformation in both cases. 319 320 detected by SEM) in the polymer structure caused by the dissolution/release of scCO 2 into/from 339 the film, originating materials that are more permeable to the water vapor. 340
As already mentioned, ANOVA applied on these results indicated that the tested process 341 conditions did not significantly affect (P>0.05) the WVP of films impregnated with 342 cinnamaldehyde. However, a significant and positive influence of the process on the WVP of the 343 films was observed after cinnamaldehyde incorporation by SSI since impregnated films present 344 values that are almost half that observed for films without impregnation. It can also be noticed 345 that the different cinnamaldehyde loaded amounts resulted in a significant decreasein WVP of 346 the films. The WVP of the films loaded with the antimicrobial agent by the conventional 347 methodology was equal to (9.78 ± 0.45) g·mm·m -2 ·day -1 ·kPa -1 , which is almost 140 % higher 348 than the value obtained by the SSI method (at 250 bar, 15 h of impregnation and 10 bar.minA c c e p t e d M a n u s c r i p t 17 it is important to maintain WVP as low as possible, or at least to reduce moisture transfer between 351 food and atmosphere (Souza et al., 2012) . 352 A c c e p t e d M a n u s c r i p t
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The decrease in WVP data observed for films impregnated by SSI may be due to: i) the 363 homogeneous dispersion of CN through the matrix including surface, as indicated by SEM, 364 which acts as a barrier against water vapor; ii) possible rearrangement of starch polymeric chains 365 induced by the SSI process and; iii) loss of glycerol during the system depressurization, 366 considering its solubility in scCO 2 that varies from 44 g·m -3 of CO 2 at 150 bar to 57 g·m -3 at 250 367 bar (Sovová, Jez, & Khachaturyan, 1997) . Previous data reported in the literature showed that the 368 WVP of cassava starch based films significantly decreases when lower amount of glycerol is 369 added as plasticizer (Souza et al., 2012) . 370
Taking into account that the CN impregnated films developed in this work envisage food 371 applications as packages it is important to guarantee that the proposed alternative processing 372 methodology do not alter the water barrier properties of cassava starch films, namely their water 373 vapor sorption and permeability capacities. These values may vary significantly depending on the 374 specific application however typical values range between (3.81 ± 0.58) g·mm·m -2 ·d -1 ·kPa -1 and 375 (7.81 ± 0.58) g·mm·m -2 ·d -1 ·kPa -1 (Souza et al., 2012) . 376 377
Water vapor sorption (WVS) 378
Water vapor sorption curves (WVS) of the films with and without cinnamaldehyde are shown in 379 (Table 1) . As impregnation time increases the WVS decreases, whereas 383 at the same t i , it increases with the depressurization rate . It can be observed in Figure 4a that theM a n u s c r i p t 19 equilibrium water vapor sorption (WVS e ) that ranged from (44 to 57) % for films processed at 150 388 bar ( Figure 4b ) and from (37 to 59) % for those processed at 250 bar , after 9 days (Figure 4c) . 389
These values correspond to a decrease of the WVS e by (30 to 50) % depending on the scCO 2 390 processing conditions and when compared to non-processed and non-loaded films . These results 391
showed that the impregnation/deposition of cinnamaldehyde into the films increased their 392 hydrophobicity and, consequently, decreased their capacity to adsorb water, which is a significant 393 improvement considering the envisaged applications. 394 M a n u s c r i p t 
Conclusions 442
The main objective of this work was successfully achieved since biocomposite films based on 443 cassava starch were incorporated with an antimicrobial agent (cinnamaldehyde) using 444 supercritical solvent impregnation originating active films with good properties for the envisaged 445 applications. The highest CN impregnated amount (2.49 ± 0.30) mg CN /g film was obtained atM a n u s c r i p t 23 (10 bar·min -1 ) indicating that the solubility of CN in scCO 2 is the main factor ruling the 448 impregnation process. However all the other tested conditions permitted to impregnate an amount 449 of CN that previously proved to inhibit P. commune growth. Moreover it was found that the best 450 impregnation condition also lead to a significant decrease in the films water vapor permeability 451 that changed from (10.09 ± 0.35) g·mm·m -2 ·day -1 ·kPa -1 for the non-processed films to (4.09 ± 452 0.84) g·mm·m -2 ·day -1 ·kPa -1 , for CN loaded films. The equilibrium water vapor sorption capacity 453 of the loaded films was also significantly decreased due to an increase of the surface films 454 hydrophobicity. The results establish that films based on plasticized cassava starch reinforced 455 with clay nanoparticles and incorporated with cinnamaldehyde can be considered as an 456 interesting biocomposite alternative packaging material. All together these results are 457 encouraging and suggest that SSI may be an interesting alternative to process cassava starch 458 based films when compared with conventional methods. 459
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